I have sequenced the first 63 bases of mRNA transcribed in vitro from the UV5 promoter mutant of the E. coli lactose operon. Sonic fragments of DNA, 1000 base pairs long and purified to contain only the lac operator-promoter region, were used as template. The UV5 promoter mutation allows transcription of the lac operon in the absence of catabolite activator protein and cAMP; lac repressor controls the synthesis of this RNA. I find that during synthesis, RNA polymerase pauses at particular sites along the DNA, naturally generating several discrete sizes of RNA that provide overlaps useful for sequencing. The UV5 lac mRNA initiates within the lac operator and copies the operator sequence. The AUG initiator codon for ,B-galactosidase occurs at position 39 of the message. The sequence is:
The initial sequence of a messenger RNA molecule from a bacterial operon should have signals for a variety of controls: signals unique to that operon as well as signals common to many. The message from the Escherichia coli lactose operon is particularly useful for studying such control signals, because there are available many mutations in the controlling region of the lac operon, both mutant promoters (binding or initiation sites for the RNA polymerase and CAP protein) and mutant operators (binding sites for the lac repressor). These mutations will appear as landmarks if they are transcribed, revealing what specific features of the lac operon appear in the mRNA. In this paper I report the sequence of the beginning of the messenger transcribed in vitro from the UV5 mutant promoter of the lac operon. The 5' end of this lac messenger begins just inside the lac operator region, and includes a copy of the operator sequence.
Control of transcription of the lac operon
The two control sites of the E. coli lac operon, the promoter (p) and the operator (o), lie between the repressor gene (i) and the genes for f3-galactosidase (z), lactose permease (y), and transacetylase (a). RNA polymerase recognizes the promoter and transcribes z, y, and a in the presence of cAMPP, CAP protein, and an inducer of the lac operon. In the absence of inducer, the lac repressor (the product of gene i) interacts specifically with the operator region to block transcription. The natural inducer is allolactose, an isomer of lactose made by f3-galactosidase (1) . Mutations in the operator (oc or operator constitutive) or in the repressor protein allow transcription of the lac genes in the absence of an inducer.
The lac operon responds to the general cellular control mediated by CAP and cAMP, as well as to the operon-specific control exerted by lac repressor. CAP and cAMP regulate all "catabolite repressible" operons of E. coli. Transcription of such operons occurs only in the absence of the preferred metabolite, glucose (2, 3) . CAP stimulates transcription only when it has been activated by cAMP; in the presence of glucose, the cellular cAMP level drops, CAP is not activated, and a variety of operons for alternative energy sources cannot be transcribed (4) (5) (6) . There are probably separate binding or recognition sites in the promoter for RNA polymerase and CAP protein, since one class of promoter mutations is known to abolish lac transcription, while another class allows transcription to occur independently of CAP and cAMP (7, 8) . In my experiments I have used a mutation of the latter class, which was isolated as a lac+ revertant of L8, a presumed point mutation in the CAP-binding site (9) . In this double mutant, UV5, the lac genes are transcribed in the absence of CAP and cAMP both in vivo (7) and in vitro (10) .
Lac transcription in vitro mimics transcription in vivo: it requires a functional promoter, CAP, and cAMP. Lac repressor inhibits transcription, and IPTG (isopropyl-#,BD-thiogalactoside), a synthetic inducer of the operon, alleviates repression (11) . Purified lac repressor binds tightly and specifically to purified DNA containing the lac operator region [Kd = 10-13 M (12) ], binds moderately to IPTG and other inducers [Km = 1O^M (13) ], and when bound to IPTG will not bind the lac operator region.
In vitro synthesis of UV5 lac mRNA Sonic Fragments of lac DNA. In order to obtain pure lac mRNA for sequencing, I first isolate DNA fragments containing only a portion of the lac region and use them as template for transcription in vitro. Since the only promoter on such fragments is the lac promoter, they should in principle support synthesis of only one species of RNA-lac mRNA. To prepare these fragments, I sonicate whole lac transducing phage (either Xh8OcI857t68dlac or Xh8OcI857S7dlacUV5), purify the DNA, then use lac repressor to bind only fragments containing the lac operator to a nitrocellulose filter, and finally release those fragments with IPTG (14, 15 The rifamycin reduces background synthesis very slightly, but since the polymerase/promoter ratio is low (0.4/1 assuming 10% active polymerase) and the reaction very quick, the background without rifamycin is not significant. After synthesis for 3-9 min at 250, the reaction is quenched by addition of 1/10 volume of 0.8 M EDTA. After 20-40,g of carrier tRNA (Schwarz) is added, 32P-labeled RNA is separated from unincorporated label either by: (i) chromatography on a 2-ml Sephadex G-100 column in 50 mM NH4HCO3 (incorporated label, about 3-8% of the counts, elutes in the void volume and unincorporated label is retarded), followed by phenol extraction, ether extraction to remove the phenol, and concentration by lyophilization; or by (ii) increasing the reaction volume to 0.4 ml, extracting with phenol, transferring of these fragments should contain the lac promoter as well as the operator, and will therefore serve as template for synthesis of lac mRNA.
I have shown by several criteria that transcription from these DNA fragments produces lac mRNA. (i) The transcript hybridizes asymmetrically to the correct strand of two different lac transducing phages: to the 1 strand of Xplac5 and to the r strand of 080plac. (These phages are described in ref.
17.) To be sure that hybridization assayed only for the lac region, I constructed the phage i80hyXplac5. This hybrid phage carries 080 genes wherever the template has X genes, and vice versa, and carries the lac region derived from Xplac5. RNA synthesized from either Xh8OdlacUV5 or Xh8Odlac fragments hybridizes asymmetrically to the 1 strand of i80hyXplac5. (ii) Lac transcription from fragments with the wild-type lac promoter requires CAP and cAMP, but transcription from those with the UV5 promoter mutation does not. (iii) Lac repressor represses transcription from the fragments. These results parallel those with intact DNA from lac transducing phage as template (9, 11 , and my unpublished data).
Primed Initiation of Transcription. In order to synthesize RNA with low concentrations of triphosphates, I initiate transcription with a dinucleotide primer. RNA polymerase will not initiate at low triphosphate concentrations (5 MM); however, if a dinucleotide primer is added, the polymerase will use it to start chains at sequences within the initiation site that are complementary to the dinucleotide (18) . Initiation with a dinucleotide affords two advantages. First, it allows synthesis at low triphosphate concentration, so labeled triphosphates are incorporated efficiently and the rate of elongation of RNA chains decreases, simplifying manipulations. Second, if there were several promoters present on the template DNA, a specific dinucleotide primer would select for initiation at one promoter rather than the others. For instance, specific dinucleotides selectively stimulate synthesis of specific T7 mRNAs (19) . At low triphosphate concentration, only the dinucleotide GpA stimulates transcription from the UV5 lac operator-promoter fragments in the absence of CAP protein and cAMP. Lac repressor specifically represses this RNA synthesis.
The Polymerase Pauses. I attempted to synthesize short pieces of RNA representing the 5' end of the lac messenger by starting and stopping synthesis synchronously. After preincubation of 10 pmol of UV5 lac operator-promoter fragments and 40 pmol of RNA polymerase in the reaction mixture without triphosphates described in the legend to Fig. 1, I started synthesis by adding triphosphates and rifamycin (20) .
[Alternatively, after preincubation in the absence of divalent cations, magnesium was added to initiate synthesis (21 Fig. 1 . The striking aspect of such syntheses is that they are neither synchronous nor random, but rather the reaction produces a discrete set of RNA molecules, ranging in size from 7 to over 100 bases long. In the presence of lac repressor, about 25% as much RNA is synthesized, and this material electrophoreses as a smear, indicating that the bands correspond to products of repressible synthesis-that is, they are lac mRNA. The relative amounts of RNA in different bands varies with the length of the RNA synthesis reaction. After a chase with a high concentration of unlabeled triphosphates, all the material moves to a higher molecular weight. This finding implies that the bands correspond to RNA synthesized by polymerase molecules which are pausing when the reaction is terminated, rather than by polymerase molecules which have quit synthesizing before the end of the reaction. If these gel bands represent a set of RNA molecules initiating at the same site and pausing at specific regions along the DNA template, the reaction has naturally generated the overlaps and ordering necessary for sequencing.
Sequence of UV5 lac mRNA I eluted RNA from the smallest gel band (gel band 1), and determined its sequence to be G-A-A-U-U-G-UoH. This sequence contains no C, and that is why the gel pattern of Clabeled RNA lacks this band (Fig. 1) . The second band includes the material in gel band 1, as well as additional
information: G-A-A-U-U-G-U-G-A-G-C-G-G-A-U-A-A-CoH.
The sequences of the gel bands are shown in Table 1 . Sequencing successively longer gel bands showed that the bands represent a nested set of RNA molecules, all initiating at the same site with GpA and pausing at different places along the DNA template. Table 2 shows the oligonucleotide fragments produced by pancreatic and T1 digestion of each gel band. I was able to determine the sequence of all but one of the oligonucleotides from nearest-neighbor data and by digestion with RNases A, T1, or U2, and alkaline hydrolysis, without using partial digestion of fragments. The 17-base long T1 fragment from position 13 to 29, "T12," posed the only special problem. Since it elutes poorly from DEAE-paper, I isolated it by gel electrophoresis of a T1 digest of total RNA synthesized in a short reaction. From the sequence of gel band 2, I knew that the sequence of the 5' end of T12 was A-U-A-A-Cp. Analysis of RNase A and U2 digestion products of T12 singly labeled with A, C, G, or U did not distinguish between the sequences
A-U-A-A-C-A-C-A-A-U-U-U-C-A-C-A-G-(G) and A-U-A-A-C-A-A-U-U-U-C-A-C-A-C-A-G-(G)
. I determined the sequence to be the latter by analysis of the products of a partial venom digest (22) of an A-labeled fragment; and also by pancreatic digestion of a 24-base long minor gel band of Alabeled RNA (which should overlap the first 10 bases of T12): this contained the oligonucleotides G-A-A-Up, G-A-G-Cp, G-G-A-Up, A-A-Cp, and A-A-Up, but no A-Cp. Table 2 lists the 3'-OH ends which I recovered and sequenced from some of the gel bands. The molar yields of 3'-OH ends relative to the other oligonucleotides is rarely greater than 0.5, implying that several pauses may occur at different sites in the same short region of DNA. In some cases I did not observe any fragment with a 3'-OH terminus, presumably Individual bands were eluted from a 7 M urea-12% acrylamide slab gel (16) and sequenced by standard fingerprinting techniques described by Barrell (30) with modifications (16) . For all two-dimensional fingerprints, the first dimension of electrophoresis was on cellulose-acetate strips in 7 M urea-0.2% pyridine-5% acetic acid-i mM EDTA (pH 3.5) and the second dimension was on DEAE-paper in 7% formic acid. I attempted to order the last two long T1 fragments in band 7 [ Gel electrophoresis of this RNA shows that the lengths of these molecules are not perceptibly different from the lengths of molecules initiated with GpA, implying that under both conditions synthesis initiates at or near the same site. To identify the sequence at the 5' terminus of triphosphateinitiated mRNA, I did an indirect experiment, described in the legend to Table 3 . Synthesis of RNA labeled with [a-82PI-UTP was primed by a high concentration of ATP and GTP. I divided the product in half and treated one fraction with 
A-U-U-A-C-G-(G) and A-U-U-C-A-C-U-G-(G)
This The 3' nearest-neighbor nucleotide is shown in parentheses. I synthesized RNA in a reaction mix like that described for Fig. 1 26 ) include: Pu-Pu-U-U-UPu-Pu; Py-A-G-G-A; and a nonsense codon within several bases of the AUG initiator codon. The UV5 lac mRNA includes the sequence A-A-U-U-U-C-A at positions 18-24, which, with C substituted for a purine, resembles the common U-U-U sequence. The sequence C-A-G-G-A occurs at positions [27] [28] [29] [30] [31] of the UV5 lac mRNA. While no nonsense codons occur immediately before the initiator AUG, two nonsense codons occur out of phase after the initiator triplet, and one occurs in phase and one occurs out of phase in the untranslated region [at positions [6] [7] [8] (16) have shown that the sequence of the region of the lac operator protected by lac repressor from
DNase digestion is: T-G-G-A-A-T-T-G-T-G-A-G-C-G-G-A-T-A-A-C-A-A-T-T A-C-C-T-T-A-A-C-A-C-T-C-G-C-C-T-A-T-T-G-T-T-A-A
The UV5 lac mRNA includes 21 bases of the operator sequence. The operator sequence in the UV5 mRNA must be copied from the same operator involved in lac repressor binding, and not some identical sequence elsewhere on the DNA, because two spontaneous mutations to the 0c phenotype introduce single base changes in the operator region of the mRNA synthesized from the UV5oC lac fragment template (27) .
Symmetric regions in the operator sequence on the mRNA, A-A-U-U-G-U at positions [1] [2] [3] [4] [5] [6] and A-C-A-A-U-U at positions 16-21, can pair to form a marginally stable hairpin loop at the 5' end of the messenger. This is the only stable configuration formed by hydrogen bonding between complementary base pairs in the UV5 mRNA. The mRNA does contain another group of eight pairs of symmetrically arranged bases, centered around position 26.5 and including bases 13-15, 17, 20-24 , and their reflections.
Since the UV5 mRNA begins within the operator regionthe region of DNA protected by lac repressor from DNase digestion-the polymerase must initiate transcription at a site hidden by lac repressor in uninduced cells. This sequencing data supports the results of Eron and Block (10) and Chen et al. (28) , who have suggested that polymerase competes with repressor for the same functional site on DNA containing CAP-independent promoters. However, Chen et al. claim that in the wild-type control region the polymerase initiation site does not overlap the repressor binding site.
Methods similar to those I have described for determining the sequence of the UV5 lac messenger should be useful for determining the sequence of other RNAs synthesized in vitro. The wild-type lac mRNA will be of particular interest.
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